Infrared neural stimulation (INS) is a novel technique for stimulating neurons with infrared light, rather than the traditional electrical means. There has been significant discussion in the literature on the mechanisms behind INS, while recent work has shown that infrared light stimulates neurons by causing a reversible change in their membrane capacitance. Nevertheless, the effect of different laser parameters on neuronal responses is still not well understood. To better understand this and to assist in designing light delivery systems, modelling of spatial and temporal characteristics of light delivery during INS has been performed. Monte Carlo modelling of photon transport in tissue allows the spatial characteristics of light to be determined during INS and allows comparisons of varying geometries and fibre designs. Finite element analysis of heat conduction can then be used to reveal the behaviour of different pulse durations and the resulting temperature decay. The combination of the two methods allows for further insights into the mechanisms of INS and assists in understanding different mechanisms which promote INS. The model suggests there may be two regimes of INS, namely temperature limited for pulses under 100 µs and temperature gradient limited for longer pulses. This is compatible with previously published data, but requires further experimentation for confirmation. The model also provides a tool for optimising the design of emitters and implants.
INTRODUCTION
Infrared neural stimulation (INS) is novel method of stimulating neurons using short pulses of infrared light.
1
Applications of INS have been demonstrated for a range of bionic applications, including stimulation of the facial nerve, 2 prostate, 3 somatosensory cortex, 4 the cochlea 5, 6 and as a complementary stimulation technique to electrical stimulation. 7, 8 INS has a number of potential advantages over more conventional electrical stimulation techniques, including greater spatial localisation, and the absence of an artefact on recording electrodes. 1 There has been much discussion in the literature regarding the mechanisms of INS. Shapiro et al. 9 showed that cells exposed a to rapid increase in temperature from a laser pulse, displayed a change in capacitance resulting in a change in membrane potential. Additionally, TRPV4 channels have been shown to a role in cell response to INS, as demonstrated by Albert et al. 10 Currently, it is not clear how these proposed mechanisms combine, or if there are other, currently undiscovered, mechanisms that may also contribute. INS depends on a temperature gradient in time, as simply heating tissue to temperatures achieved by INS pulses does not generate the same response as seen during INS.
11
INS has previously been modelled using Monte Carlo (MC) stimulations to analyse the spatial distribution of heat due to absorption of photons during a pulse, 12 however alone this does not provide information about the temporal behaviour of heat resulting from the laser interaction during INS. To provide further information about the behaviour of heat during and after INS pulses, heat transfer in tissue needs to be considered.
After heat from a laser pulse has been absorbed, it is then transferred to return the tissue to a state of equilibrium. Heat is transferred by three different processes: conduction, convection and radiation. 13 For laser tissue interactions, convection is generally ignored due to the low perfusivity of tissues and short interactions times and radiation is negligible at body temperature as it depends on T 4 . This leaves conduction as the primary process behind heat transfer during laser tissues interactions such as INS.
13
Heat conduction is described by the heat equation, a partial differential equation. The heat equation in a homogenous, isotropic solid is:
where α is the thermal diffusivity of the material and is given the relationship α = k ρCp where k is the thermal conductivity, ρ the density and C p the specific heat capacity. To introduce heat into the model resulting from the laser irradiation of the tissue, a new parameter A(t) can be added:
General analytic solutions for the heat equation are possible for simple geometries 14 and have been useful in discussing estimated temperatures and time constants during INS. 15, 16 For more complex geometries, such as those used in INS, where expansion of light from the fibre, scattering and absorption change the spatial distribution, a numerical approach is simpler at the cost of greater computational time. 17 
MODELLING OF INS
To solve the heat equation numerically, a finite element analysis (FEA) can be used to model the resultant heat behaviour during and after an optical pulse. To generate the spatial heat distribution, the results from the Monte Carlo model in Thompson et al. 12 was used. Optical constants were the same as used previously, except for µ s which is varied as discussed in Section 4. The thermal diffusivity of water was used α = 1.43 × 10 −7 , as a first approximation of tissue's thermal diffusivity as reductions in the water content tend to be balanced by a reduced specific heat capacity.
18
The same geometry as discussed in Thompson et al.
12 was used to model the guinea pig cochlea. A fibre is located in perilymph 440 µm from a 10 µm bone layer and a 100 µm nerve layer (450 − 550 µm from the fibre). Beyond the nerve layer the tissue parameters are that of perilymph. While a range of different fibre diameters have been used for INS, between 105 µm 10 to 600 µm, 19 here a 200 µm core fibre (NA = 0.22) was considered, as it is most commonly used for INS.
1
The simulation was run using a 256 × 256 × 256 voxel grid, with 5 µm sized voxels. The heat equation was solved using the forward difference finite element approach. In 3D, this has a stability requirement for a maximum time step given by:
, where x is the voxel size. 17 For a voxel size of x = 5 µm, this gives a maximum time step of ∆t max = 29 µs. For improved accuracy, a 1 µs time step was used.
HEAT CONDUCTION DURING INS
Although many examples of INS use short pulses (t < 1 ms), 5, 15 where heat conduction may have less of an effect, it is still useful to investigate for longer pulses and to analyse the relaxation times for different duration pulses and wavelengths.
Various analytical descriptions of heat conduction have previously been used to analyse thermal relaxation times following pulses from INS, such as τ therm = 1 4αµ 2 a discussed by Izzo et al. 15 This thermal relaxation time can be compared to INS using a fibre with a diameter of core = 200 µm, NA = 0.22 and wavelengths of λ = 1850 nm and λ = 1870 nm. The temperature profile in the nerve layer for a 1 ms, 25 µJ pulse with a fibre located 500 µm from the nerve with wavelengths of 1850 nm and 1870 nm is shown in Figure 1a . If the 1870 nm pulse is given an energy to match the peak temperature achieved by the 1850 nm pulse at 25 µJ both wavelengths have similar thermal decay over the time period displayed. This suggests that more strongly absorbed wavelengths, when used for INS, may not have faster relaxation times as previously suggested. Figure 1b shows the temperature achieved by a 10 ms duration pulse and the temperature (dashed line) if heat conduction was not considered. Up to 2 ms the temperature is close but but for longer times the temperature is reduced by the inclusion of heat conduction. 
EFFECT OF PHYSICAL PARAMETER CONSTANT SELECTION ON MODEL RESULTS
Due to the lack of experimental data on light behaviour in tissue at the wavelengths typically used for optical stimulation, a number of assumptions have been made in the modelling regarding the values of scattering and absorption of light in tissue. 12 Typically scattering reduces at longer wavelengths, 13 such as those used for INS, compared to wavelengths where there have been more measurements of tissue scattering.
20 Scattering in tissue is not well described by either Rayleigh, 13 which has a wavelength dependence of µ a ∼ λ 2 mm −1 for bone. However, as scattering may be higher in the wavelength region typically used for INS, 20 it is worth considering the effect of different µ s scattering coefficients. Figure 2 shows the temperature increase at the nerve region with a 200 µm diameter core fibre located 500 µm from the nerve. Scattering shown in the x-axis is for the nerve, while scattering in the bone is kept as 2 times that of the nerve. Increases in scattering initially cause a small increase in the temperature achieved in the nerve and a 10 times increase in the scattering coefficient gives approximately the same peak temperature. Beyond this, the temperature starts to decrease.
The change due to different scattering can be more clearly seen by plotting the temperature along the fibre axis for different levels of scattering as shown in Figure 3 . This more clearly shows the change as the scattering increases. The reduction in temperature for (µ s = 1 mm −1 ) at z ∼ 600 µm is due to expansion of the beam from the optical fibre. For the scattering values most likely to be present in the tissue of interest (1 < µ s < 10 mm −1 ) there is only a small change in the temperature achieved, with a slightly higher values at the start of the tissue layers and slightly lower at the end.
As the scattering continues to increase the energy in the tissue layers spreads out further and less is absorbed in the target neurons. When µ s = 100 mm −1 the temperature increase at the end of the nerve layer (z = 550 µm) is reduced to 1/6 of the µ s = 1 mm −1 case. However, at the start of the tissue layer an increased temperature of 25% is observed due to back scattered light.
WAVELENGTH DEPENDENCE ON VOLUME RECRUITMENT
Previous modelling of INS has only looked at one and two dimensional results from stimulation. Given the strong wavelength dependence on water absorption, it is interesting to compare the volume of neurons that can be recruited with different stimulation wavelengths. By matching the pulse energies, fibre properties and geometries used in experiments, an estimation of the peak temperature change and temperature gradient required to achieve stimulation in an area of neurons can be estimated. However, this does not provide information about what conditions are required to stimulate individual neurons which contribute to observed signal. To compare the effect of wavelength on volume recruitment, a threshold, equal to or lower than the temperature at the target, must be used. Figure 4 shows the modelled volume of nerve tissue, heated with a pulse energy to a temperature relative to the temperature 500 µm from the fibre at the centre of the beam, using a pulse energy of 25 µJ, λ = 1850 nm, Overall, 1870 nm heats a greater volume of neurons, with a larger increase at higher temperatures. Using 1850 nm heats only a small volume of neurons to the reference temperature, which is unsurprising given that the highest temperature is likely to be found on the fibre axis. This shows that 1870 nm is able to raise the temperature of more neurons per mJ when the fibre is located 500 µm from the target or closer.
COMPARISON OF MODELLING TO COCHLEA EXPERIMENTAL RESULTS
Although the heat conduction during sub-millisecond is minimal when exciting a region with a 200 µm core fibre, the combined MC/FEA model provides a useful way of comparing results from different experiments, by reducing the difference due to geometry and fibre types. fibre is located 500 µm away from the nerve and a wavelength of 1850 nm is used. However, for Izzo et al (2008) (displayed in Fig. 5b ), a more strongly absorbing wavelength of 1937 nm is used and the fibre is only located 55 µm from the nerve. Additionally, the temperature achieved by pulses of constant energy (ie variable power) and constant power (ie time dependant pulse energy) are displayed for comparative purposes.
The results visually suggest two regimes of activation, depending on the pulse length. One regime is lower than approximately 100 µs, where pulses have a minimum temperature or pulse energy. A second regime is higher than 100 µs, where stimulation appears to depend on a minimum laser power, requiring more energy for longer pulses to achieve a minimum temperature gradient with respect to time. However, as the Izzo et al. (2007) data set only has one point below 100 µs and Izzo et al. (2008) data set only has one point above 100 µs, further data is required to make a firm conclusion. This observation is currently under further study and a more detailed manuscript is in preparation. 21 
CONCLUSION
Modelling of INS is a powerful technique, which enables further information about optimisation of emitter design, thermal behaviour of tissue, heating effects on surrounding tissue and insights into the mechanisms behind INS. In general, the model results suggest that INS experiments should be performed under carefully controlled conditions in order to further elucidate the stimulation mechanism.
